The results of Monte Carlo modelling of the low energy X-ray photon interaction processes in Si detector coated by different materials of different thickness are presented in this paper. Detector constructions containing free standing polymer-like carbon coatings and diamond-like carbon (DLC) coatings deposited onto detector surface were investigated. Total and scatter doses in coated samples were calculated and the influence of the coating material, composition, and thickness on the X-ray photon scattering processes in Si detector was evaluated. Evaluation of the detector construction with protective coating corresponding to the lowest fraction of scattered photons as compared to the calculated total dose is discussed in the paper. It is shown that nano-thick DLC coatings directly deposited onto detector surface are promising materials in the construction of radiation detectors due to their suitable mechanical properties, resistance against chemicals and against radiation damage of DLC films.
Introduction
The effectiveness of radiation detection depends on the method and the type of detector chosen for the registration [1, 2] . Solid state detectors (luminescent detectors, semiconductor devices) are widely used for the registration of radiation doses to patients during medical procedures [3, 4] . However, application of solid state detectors is limited by detector's size, geometry, construction, properties of detector material, and equivalence to biological tissue. One of the most important problems in detecting the X-ray photons with Si based detectors is radiation induced scattering effects in detector material. Scattering effects reduce the fraction of directly absorbed X-ray photons in detector material and are responsible for the increased patient's dose necessary for keeping the required quality of the examination. Some solutions have been found [5] [6] [7] during last years, which allow to evaluate and reduce scattering effects of high energy (6-20 MeV) X-ray photons in detector material, when Si detectors are used for the estimation of the radiation dose delivered to the patients during radiotherapy procedure. However, the evaluation of the scattering processes (coherent and Compton) of low energy (20-35 keV) X-ray photons in detector materials and the assessment of their influence on the registered doses to patients remains opened and limits the possible application of Si based detectors in mammography screening examinations. Some attempt to compare the experimental and Monte Carlo modelling results concerning low energy photon scattering effects in Si detectors and to evaluate the influence of scattering processes on the absorbed total dose to patient has been made in our previous work [8] . Previous results on Monte Carlo simulation of low energy X-ray photon scattering effects in different materials are presented in [9, 10] . However, the existing information is not sufficient for understanding the discrepancies that occur between experimental and modelling data.
Scattering effects in diamond are significantly lower as compared to silicon. Due to the excellent mechanical, optical, and electrical properties, diamond detector alone could be theoretically used, without any protective coating [11, 12] . Still, diamond is very expensive material, so other materials have to be considered for the application in the construction of solid state detectors. Materials used as radiation sensing elements of detectors are usually coated by (at least from the radiation entrance side) or encapsulated into a protective layer, which represents a free standing foil, or a thin film, deposited on the surface of the active layer using physical and chemical methods. Carbon based polymeric materials are widely used as protective coatings for radiation detectors. Usually they are relatively thick and free standing, thus having no physical / chemical contact with the detector surface. Correspondence of the physical properties of the DLC coatings to those of diamond [13] [14] [15] and the possibility to deposit DLC coatings of nanoscale thickness directly on the detector surface makes them very promising for the application as protective coatings in the construction of radiation detectors.
There are only few investigations on the influence of the coating to the scattering processes in the active volume of the detector: the results of calculations using deterministic model for the photon scattering process description in coated material are presented in [16] , as well as the results of Monte Carlo based modelling of scattered radiation in Al 2 O 3 detector, encapsulated into different free standing polymer-like carbon containing foils -in [17] .
The aim of this work was to perform Monte Carlo modelling of a low energy X-ray photon transport in Si detector coated by different free standing polymer-like carbon coatings or DLC coatings deposited directly onto detector surface, to assess the influence of different coating materials on the scattering processes in the active volume of the detector, to evaluate relative scattered doses, and to discuss detector construction with the protective coating, which ensures lowest possible fraction of scattered photons as compared to the calculated total dose. Monte Carlo modelling was performed in accordance with the real X-ray exposure conditions of patients in diagnostic mammography screening examination.
Instruments and methods
Three main physical processes dominate when low energy photons (20-35 keV) interact with materials, which are characterized by Z eff similar to this of the soft tissue, and are preferred in the construction of radiation detectors used for the dose measurements: electron photoabsorption, coherent (Rayleigh) scattering, and incoherent (Compton) scattering [18] . We will concentrate on the modelling of X-ray photon scattering effects in coated Si specimens, since scattered photons are responsible for the reduced intensity of the registered signal and for the increased noise level in detector material [19] . On the other hand, scattering processes influence entrance surface dose (ESD), which is used for the calculation of the average glandular dose (AGD) in the patient's breast tissue [20, 21] :
where b is backscatter factor, g is the glandularity conversion factor, c is conversion factor for 50% glanularity, s is the spectral conversion factor.
Experimental set-up
Investigation of the scattering processes in coated Si was performed using experimental model that was developed in accordance with the real exposure conditions present during mammography screening examinations of patients (Fig. 1) .
It was assumed that X-ray photons are generated in molybdenum target of mammography unit ALPHA RT (Instrumentarium Imagining, Finland) at the X-ray tube potentials ranging from 25 to 32 kV, when the tilting angle of the Mo anode is 16 • . Generated X-ray beams are attenuated by 1 mm Be window of the X-ray tube, 0.03 mm Mo filter, and 3 mm thick polymethymethacrylate compression paddle of mammography unit. 45 mm thick polymethylmethacrylate (PMMA) phantom representing "standard" female breast is used instead of patient. Additional filtration of the photons with the energies below about 10 keV and above 20 keV is included, due to the fact that Mo is characterized by K lines at the energies of 17.38 (K α2 ), 17.49 (K α1 ), 19.61 (K β1 ), and 19.96 (K β2 ) keV [22] . Polyenergetic X-ray photon spectra for different tube potentials in the case of the constant source-detector distance ( Fig. 2) were processed using the routines of IPEM Spectrum Processor [23] , which were modified according to the experimental set-up.
Low energy photons generated in mammography unit enter the surface of coated specimens having estimated energetic spectral distribution and interact with both coating material and target material. We distinguished two different cases for the "coating-detector" arrangements:
• target (detector) is covered with or encapsulated into a free standing polymer-like carbon coating as it is shown in Fig. 3 (a). There are no chemical bonds between coating and bulk material, only negligible thin air layer in between;
• amorphous DLC coating is synthesized on Si wafer using direct ion beam deposition method [24] , as it is indicated in Fig. 3 (b). Coating is deposited onto detector surface having physical contact and common chemical bonding structure.
p-type Si 111 as a bulk material was used in our investigations. Some characteristics of coating materials are presented in Table 1 .
(a) (b) 
Theoretical model for the description of photon scattering processes
It is assumed that coherent and incoherent scattering events may occur, if low energy photon interacts with the atoms of target material.
Coherent or Rayleigh scattering is characterized by scattering of photon without excitation of atoms. To describe this scattering process we have used following atomic differential cross-section per unit solid angle Ω = (θ, φ):
where F T (x) is the atomic form factor, given as
with the stoichiometric index of the ith element p i , atomic number Z i , and momentum transfer x when a photon with the energy k is scattered by polar scattering angle θ:
The quantity r 0 is the classical electron radius. The differential cross-section for Rayleigh scattering from an amorphous material [25] is given by
where F R (x) is the form factor and x = sin(θ/2)λ is the momentum transfer. The form factor for an amorphous material is given by [26] 
where w i and F Ri (x) are, respectively, the atom fraction and atomic form factor of the ith element in the material and s(x) is the structure function that accounts for diffraction effects. For an amorphous material, integrating Eq. (5) gives total Rayleigh scattering crosssection, which is sampled when a Rayleigh event occurs.
Modified model, which includes binding effects of the electron and takes into account Doppler broadening, was used for the description of Compton scattering process. Applying this enhanced model, the incoherent scattering cross-section, differential in the photon scattering angle, is given by
where k is the energy of the interacting photon, k c is the energy of a photon scattered at angle θ by free electron at rest, X KN is Klein-Nishina function [27] , and S(k, cos θ) is the so-called S-matrix [28] , which identifies incoherent scattering function:
with Z i as an occupational number of the shell i, U i as a binding energy, and
where J i (p z ) is one-electron shell Compton profile, which represents wave function of bound electrons and could be approximated as follows [29] :
where J i,0 ≡ J i (0) is the profile for p z = 0, obtained from Hartree-Fock shells, p z is projection of the initial electron momentum on the direction x, where x is momentum transfer vector.
A more detailed description of the theoretical model was given in our previous work [8] . This model was developed on the basis of particle transport theory [30] and was used both for dose calculations in the active volume of crystalline detector and for modelling of X-ray interaction processes in coating materials.
Monte Carlo modelling platform
Interactions of low energy polyenergetic X-ray photons with matter were simulated using EGSnrc Code system [31] according to the empirical model described above. Individual photon histories were simulated and the history of each photon was followed until either all of its energy was transferred to electrons or it was absorbed locally due to the scattering events. It was assumed that 10 8 photons (in the case of free standing coating) and 10 9 photons (in the case of deposited DLC film), having a stepwise (in 1 keV increments) increasing energy in the range from 1 to 35 keV, in parallel beam interacted with a coated sample. Sample is centrally placed on the top of PMMA phantom of 45 mm thickness, representing compressed female breast as shown in Fig. 1 . Assumption of parallel X-ray beam was made taking into account detector size, which was much smaller than the exposed area (12×12 cm 2 ). Monte Carlo simulations were performed within cylindrical geometry, virtually dividing the X-ray exposed space between compression paddle and breast support table into zones, corresponding to the different densities and compositions of presented materials as it was described in our previous work [8] . It was also assumed that photon beam was parallel to z axis in the central zone of interaction.
Total and scattering doses in coating samples were calculated using modified user code DOSnrc (EGSnrc) [32] in each region of interest The influence of different type, material composition, and thickness of coatings on the scattering processes in Si target was investigated. Processed X-ray spectra (Fig. 2) were used as an input data for the calculations.
Results and discussions
Despite the fact that Compton scattering was discovered more than 100 years ago, there are some important areas, which still need to be investigated. One of such areas is low energy Compton scattering, which is presented when low energy (20-35 keV) X-ray photons interact with human tissue [28] . It is impossible to measure directly absorbed dose in tissue. Tissue equivalent detectors could be applied instead of human tissue for the registration of the surface dose, which is the main parameter for the further calculations of absorbed dose. It is well known [33] that dose measurements using solid state detector are affected by scattering radiation which decreases signal to noise ratio [18] . However, the assessment of the scatter dose is a complicated task [34] . We have used Monte Carlo modelling for the estimation of the total dose and scatter dose in crystalline detector material with and without coating. Total dose represents the energy transferred to the target (active volume of the detector). Scatter dose is defined as a dose that can be traced back to the photons that have been scattered in Compton and Rayleigh effects and to the photons that were created through relaxation processes after Compton and photoelectric events. It is assumed that the doses are calculated after the interaction of X-ray beam with coating material in the case of coated specimens.
The results of dose calculations in different commonly used radiation detector materials after their irra- diation with low energy X-rays are presented in Fig. 4 . The highest scatter dose has been found in Si. It could be attributed to the dependence of at least Compton effect on electron density in different materials. However, the numerical evaluation of the influence of scattering effects expressed as scatter to total dose ratio and performed in this work shows that Si, having low dose ratio, is a good candidate for the registration of low energy X-ray photons (Fig. 5) . Thickness of the detector material plays an important role in reducing the scattering dose, since the increase of the detector's active volume corresponds to the increased possibility for the X-ray photons to be absorbed directly by electrons during photoelectric interaction processes. Calculated values of total and scatter doses in Si samples of different thickness are presented in Figs. 6 and 7 respectively. It is to point out that the surface of Si crystal is usually covered by different materials according to the construction of radiation detection device. X-ray interaction processes in detector coating are dependent on the structure (polycrystalline, polymer-like, amorphous) of detector material, its thickness, and the type of contact layer between coating and detector surface. Modelling of these processes is very important since they contribute to the attenuation of X-ray beam before it enters a detector crystal.
Calculated scatter doses in the Si samples of different thickness coated by different coatings are presented in Fig. 8 . As it could be seen, scatter dose is higher in coated specimens than in uncoated ones due to the energy loss of photons in coating material. Scatter dose increases with the increased density of coating material, however the gap between the dose of uncoated Si and coated by DLC film one, which represents the highest density (2.2 g/cm 3 ) of all used coatings, is broader for thinner detectors. No difference in scatter dose of uncoated and coated with nano thin DLC coatings Si samples was found.
As mentioned above, the thickness of the coating plays an important role in X-ray attenuation processes. To compare the influence of the coating thickness, three possible cases were investigated: (i) h is of the same order as d, (ii) h/d ≤ 0.1, and (iii) h/d ≤ 0.01, where h indicates thickness of coating and d is thickness of the active volume of the detector. The results of the calculations of dose ratio for the three cases are presented in Fig. 9 . Thickness of the coating is one of the limiting parameters in the application of different materials as protective layers against the mechanical, electrical, and chemical influence from the environment, or as passive layers in the principal construction of the detecting device.
Influence of protective layer to the scattering dose in Si
Depending on the goal of the application, relatively thick (h ≈ d) or thin (h/d ≤ 0.1) free standing layers of mylar, polyethylene, rubber, carbon fibre are used to protect the detector surface [35] against the influence of the surrounding environment. Our calculations show that the dose ratio is higher in the second case (h/d ≤ 0.1), despite the fact that scatter dose is lower in the thicker detector. Since scatter to total dose ratio corresponds to the registered signal, it is possible to reduce the number of scattering effects in detector material by optimising the coating thickness and to improve the signal to noise ratio. If the thickness of protective layer is extremely small (h/d ≤ 0.01, or less) as it is in the case of the direct deposition of DLC film onto detector surface, deposited coating has no influence on X-ray interaction processes within the detector material (Fig. 8) . This feature could be used when new detecting devices are under construction. However, attention has to be paid that deposited ultrathin coatings must have almost the same or better protective properties (high hardness, resistance against chemicals, resistance against radiation damage, etc.) as the free standing polymer-like coatings have. According to the results of our recent investigations on the properties of the X-ray photon irradiated DLC films [36, 37] , radiation damage was negligible in the DLC films after their prolonged irradiation with high (15 MeV) and low (32 keV) X-ray photons. The hardness of the irradiated DLC structures was even higher after the irradiation.
Comparison of some properties of DLC films, which were used in our calculations, with the parameters of other coating materials is provided in Table 2 .
Possible deposition of the nano thick film directly onto active detector surface, negligible influence of the presence of thin DLC films on the scattering effects in detector material induced by X-rays, together with the properties outlined in Table 2 , makes DLC coatings the promising candidates for protective layers of radiation detectors. It should be acknowledged, though, that the thickness of DLC films is limited due to their adhesive properties [39] .
Influence of passive layer to the scattering dose in detector device
SiO 2 passive layers are widely used in the construction of Si based electronic devices for the registration of ionising radiation, because of their good isolating properties (Table 2 ) and high thermoresistivity. Nevertheless, SiO 2 is sensitive to radiation damage, represented by the increased generation rate of Frenkel pairs during irradiation [4, 40] . Isolating properties of the investigated DLC films are comparable to those of SiO 2 [41] . However, investigated DLC films are represented by the lower density than SiO 2 . Due to the fact that a part of detector surface is coated by passive layer, its influence on the X-ray interaction effects in the active volume of the detector was investigated. Modelling re- sults are presented in Table 3 . It is evident that there are no differences in the values of the scatter doses in Si coated by SiO 2 layer and Si coated by DLC layer of the same thickness. Taking into account that the DLC films are less sensitive to radiation damage it is to conclude that DLC films are applicable in the construction of radiation detectors as SiO 2 is.
Conclusions
Monte Carlo modelling of low energy X-ray photon interaction processes in the active volume of Si detector having different coatings was performed. Results of calculation show increasing tendency of the scatter dose in detector material with the increased density of coating material. However, the gap between the scatter dose in uncoated Si and the dose in Si coated by DLC film, which represents the highest density of the investigated coating materials, was broader for thinner detectors. The scatter dose to total dose ratio was higher in all investigated cases when the thickness of the coating was comparable to the thickness of the active volume, despite of the fact that the scatter dose was lower in the thicker detector.
Photon scattering effects contribute to the decrease of the registered detector signal. Modelling of scattering processes makes it possible to vary coating material, coating thickness, and the geometry of the detector construction and to find the optimal solution for the detector construction corresponding to the enhanced signal to noise ratio.
Modelling results show that extremely thin protective coatings do not influence X-ray interaction processes in detector material, however these coatings have to provide radiation hardness, resistance against chemicals, and suitable mechanical characteristics. DLC films deposited directly onto the active detector surface were found to be promising candidates among all investigated materials. DLC films could be considered as protective coatings when new radiation detectors are under construction. Yet, some problems concerning the adhesive properties of DLC films still exist.
